The human Rad52 protein self-associates to form ringshaped oligomers, as well as higher order complexes of these rings. We have shown previously that there are two experimentally separable self-association domains in HsRad52, one in the N terminus (residues 1-192) responsible for assembly of individual subunits into rings, and one in the C terminus (residues 218 -418) responsible for higher order oligomerization of rings. Earlier studies suggest that the higher order complexes promote DNA end-joining, and others suggest that these complexes are relevant to in vivo Rad52 function. In this study we demonstrate that although inherent binding to single-stranded DNA depends on neither higher order complexes of Rad52 rings nor the ring-shaped oligomers themselves, higher order complexes are important for activities involving simultaneous interaction with more than one DNA molecule. This provides biochemical support for what may be an important in vivo function of Rad52.
The human Rad52 protein self-associates to form ringshaped oligomers, as well as higher order complexes of these rings. We have shown previously that there are two experimentally separable self-association domains in HsRad52, one in the N terminus (residues 1-192) responsible for assembly of individual subunits into rings, and one in the C terminus (residues 218 -418) responsible for higher order oligomerization of rings. Earlier studies suggest that the higher order complexes promote DNA end-joining, and others suggest that these complexes are relevant to in vivo Rad52 function. In this study we demonstrate that although inherent binding to single-stranded DNA depends on neither higher order complexes of Rad52 rings nor the ring-shaped oligomers themselves, higher order complexes are important for activities involving simultaneous interaction with more than one DNA molecule. This provides biochemical support for what may be an important in vivo function of Rad52.
Chromosomal double strand breaks (DSBs) 1 occur both as a natural consequence of genome replication and division and through the damaging effects of ionizing radiation and environmental mutagens. Accurate repair of DSBs by homologous recombination is critical for the maintenance and propagation of genome integrity. In Saccharomyces cerevisiae members of the RAD52 epistasis group, RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, MRE11, and XRS2 were identified as components of the homologous recombination repair pathway because of the sensitivity of mutants to ionizing radiation (1) . These gene products were also shown to play important roles in both mitotic and meiotic recombination (2) . Mammalian counterparts for many of these RAD52 group genes have been discovered, and although there is substantial similarity between yeast and mammalian recombination pathways, both cellular and biochemical studies have revealed significant differences in the identity, regulation, and function of many of the component proteins (reviewed in Refs. [3] [4] [5] [6] .
The human Rad52 protein (HsRad52) shares many similarities with yeast Rad52 regarding both its structure and function in homologous recombination. In either the absence or presence of DNA, Rad52 forms ring-shaped oligomers, ϳ10 nm in diameter, as well as higher order complexes of these rings (7) (8) (9) (10) (11) . Rad52 binds to both single-and double-stranded DNA (7) (8) (9) (12) (13) (14) (15) (16) , stimulates annealing of complementary DNA strands (7, (12) (13) (14) 17) , and promotes ligation of both cohesive and blunt-end fragments (9) . Rad52 also interacts specifically with the Rad51 strand exchange enzyme (18, 19) , as well as the single-strand DNA-binding protein, RPA (20, 21) . Biochemical studies support the idea that Rad52 is a recombination mediator in that it optimizes catalysis of strand exchange by the Rad51 protein (22) (23) (24) (25) (26) . Park et al. (21) proposed a domain map for HsRad52 that included specific regions for self-association (residues 85-159), as well as interactions with the 34-kDa subunit of HsRPA (residues 221-280) and HsRad51 (residues 290 -330). This map has been modified by our identification of a C-terminal selfassociation domain that mediates formation of higher order oligomerization of Rad52 rings (11) . Regarding the possible functional relevance of these higher order oligomers, Van Dyck et al. (9) observed DNA end binding complexes consisting of multiple rings of HsRad52. In yeast, distinct Rad52 foci that undoubtedly contain multiple protein rings form under conditions that result in DSBs, e.g. during meiosis and in S phase mitotic cells, and following exposure to ␥-irradiation (27) . Also, co-localization of RAD52 group proteins, including Rad51, Rad52, and Rad54, is observed following DNA damage in mammalian cells (28 -31) . Therefore, it appears that the ability of Rad52 to form higher order oligomeric complexes may be important to its function in promoting homologous recombination, and it has been suggested that such complexes may be required as an early step in the efficient catalysis of DNA repair via homologous recombination (27) . Given the domain structure of the HsRad52 protein it may be that higher order oligomers of the protein are used in promoting complex formation among repair proteins and DNA through simultaneous interaction with multiple components. Additionally, the higher order oligomers may be important for optimization of a fundamental biochemical function of Rad52, e.g. events related directly to DNA binding. Therefore, in this work we asked whether the ability of HsRad52 to perform various activities related directly to DNA binding are affected by the oligomeric state of the protein. Using two truncation mutants, HsRad52 (1-212) and HsRad52 (1-85), which block formation of higher order oligomers and the 10-nm ring structure, respectively, we show that DNA binding depends on neither ring-shaped oligomers nor higher order oligomers but that formation of oligomers consisting of multiple Rad52 rings is important for activities involving simultaneous interaction with more than one DNA molecule.
EXPERIMENTAL PROCEDURES
RAD52 Constructs-A wild type RAD52 expression plasmid, pET28-wt52, was a gift from Dr. Gloria E. O. Borgstahl. Plasmids expressing HsRad52 (1-212) and HsRad52 (1-85) with a six-histidine tag fused to the C terminus were constructed using standard polymerase chain reaction techniques.
Protein Expression and Purification-Cultures of transformed BL21(DE3) Codon Plus Escherichia coli (Stratagene) were grown at 37°C in 4.5 liters of Superbroth and induced for 2.5 h with 3 mM isopropyl-1-thio-␤-D-galactopyranoside. Wild type RAD52 cells were resuspended in T-buffer (20 mM Tris (pH 7.9), 10% glycerol) with 500 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole. Protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 10 mM benzamidine) were used throughout the purification. Cells were lysed with 0.2 mg/ml lysozyme on ice followed by sonication. The lysate was clarified by centrifugation at 12,000 rpm for 90 min. Polyethyleneimine (PEI) was added to this supernatant (final concentration ϭ 0.1%) followed by centrifugation at 18,500 rpm for 30 min. The supernatant was then applied to a phosphocellulose column (20 ml) equilibrated in T-buffer, 500 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole, and the column was washed with 4 volumes of the same buffer. Protein was eluted with T-buffer, 750 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole. Salt was reduced to 500 mM NaCl with T-buffer, 0.5% Nonidet P-40, 5 mM imidazole, and the protein was mixed with 5 ml of nickel-nitrilotriacetic acid resin (Qiagen). A column was poured and washed with 10 volumes of T-buffer, 1 M NaCl, 0.5% Nonidet P-40, 25 mM imidazole followed by 10 volumes of T-buffer, 1 M NaCl, 0.5% Nonidet P-40, 50 mM imidazole, and protein was eluted with 5 volumes of T-buffer, 500 mM NaCl, 500 mM imidazole, 0.1% N-dodecylmaltoside. The sample was dialyzed against T-buffer, 100 mM NaCl, 1 mM EDTA, 5 mM ␤-mercaptoethanol, 0.1% Nonidet P-40 and mixed with 1 ml of QSepharose resin. This column was washed with 10 volumes of Tbuffer, 100 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40. Protein was eluted with 2 ml of T-buffer, 300 mM NaCl, 1 mM EDTA. The protein was dialyzed and stored in T-buffer, 200 mM NaCl, 1 mM EDTA.
Purification of HsRad52 (1-212) was the same as for the wild type protein through the PEI step. The PEI supernatant was diluted with T-buffer, 0.5% Nonidet P-40, 5 mM imidazole and applied to a phosphocellulose column equilibrated in T-buffer, 200 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole. The column was washed with 4 volumes each of T-buffer, 200 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole and T-buffer, 300 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole. Protein was eluted with 3 volumes of T-buffer, 500 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole. The eluent was mixed with 5 ml of nickel-nitrilotriacetic acid resin equilibrated in T-buffer, 500 mM NaCl, 0.5% Nonidet P-40, 5 mM imidazole. The column was washed with 10 volumes each of T-buffer, 1 M NaCl, 0.5% Nonidet P-40, 25 mM imidazole and T-buffer, 1 M NaCl, 0.5% Nonidet P-40, 50 mM imidazole. Protein was eluted with 5 column volumes of T-buffer, 500 mM NaCl, 0.1% N-dodecylmaltoside, 500 mM imidazole. The protein was dialyzed and stored in a buffer containing T-buffer, 0.1% Nonidet P-40, 200 mM (NH 4 ) 2 SO 4 .
Cells expressing HsRad52 (1-85) were resuspended in 0.25 M Tris, 25% sucrose. Samples were lysed with 0.2 mg/ml lysozyme followed by sonication. The lysate was then centrifuged at 12,000 rpm for 90 min. The cellular membrane was resuspended in 200 ml of 20 mM Tris (pH 7.9), 6 M guanidine-HCl, 4 mM N-octyl-␤-D-glucopyranoside, 200 mM (NH 4 ) 2 SO 4 followed by centrifugation at 18,500 rpm for 30 min. PEI was added to 0.1% followed by centrifugation at 18,500 rpm for 30 min. This supernatant was applied to a phosphocellulose column equilibrated with 20 mM Tris (pH 7. Electron Microscopy-Proteins were prepared for electron microscopy by diluting to concentrations indicated in Fig. 1 using a buffer containing 20 mM Tris-HCl (pH 7.5), 5% glycerol, 5 mM ␤-mercaptoethanol, 0.1 mM EDTA, 100 mM KCl. Samples were spread onto thin carbon films on holey carbon grids (400 mesh), stained with 1% uranyl acetate, and visualized by transmission electron microscopy using a Philips CM10 microscope.
Gel Filtration-Wild type HsRad52 (1.5 mg/ml) was loaded onto a Superose 6 HR 10/30 gel filtration column equilibrated in T-buffer, 200 mM NaCl, 1 mM EDTA. The 1-212 and 1-85 proteins (2.0 mg/ml) were loaded onto a Superose 6 column equilibrated in T-buffer, 200 mM NH 4 (SO 4 ) 2 , 1 mM EDTA. Analysis was performed using a BioLogic chromatography system (Bio-Rad) with an in-line UV detector and by running samples of collected fractions on 10% SDS-polyacrylamide gels.
Gel Shift DNA Binding Assays-Reactions (25 l) contained 20 mM triethanolamine-HCl (pH 7.5), 1 mM dithiothreitol, 1 mM MgCl 2 , 0.1 mg/ml bovine serum albumin, 100 nM 5Ј-end-labeled 54-base oligonucleotide (concentration in bases), and the indicated amounts of protein.
The oligonucleotide sequence is as follows: 5Ј-GGC GGA GGC CAG AAG GTG TGC TAC ATT GCG GCT GCT CGG GTA ATT AAT CTG GCC-3Ј. Reactions were incubated at 37°C for 15 min followed by the addition of gluteraldehyde to 0.2% and continued incubation at 22°C for 15 min. Glycerol was added to a final concentration of 1.6% (w/v), and reactions were loaded onto a 0.8% agarose gel and electrophoresed at 100 mV in 0.5ϫ TBE buffer with 15 mM MgCl 2 . Gels were analyzed using a Molecular Imager FX and QuantityOne software (Bio-Rad). The 54-base oligonucleotide used in the gel shift assays was made using an ABI 392 DNA/RNA synthesizer.
DNA Annealing Assays-Reactions (20 l) contained 20 mM triethanolamine-HCl (pH 7.5), 1 mM dithiothreitol, 1 mM MgCl 2 , 0.1 mg/ml bovine serum albumin, 50 nM 5Ј-end-labeled 54-base oligonucleotide (concentration in bases), and the indicated amounts of protein. The oligonucleotide is the same as that used in the gel shift assays (see above). Reactions were incubated at 37°C for 15 min, a 105-base oligonucleotide containing a sequence complementary to the initial 54-base oligonucleotide was added to a final concentration of 50 nM (in bases), and incubation was continued for 10 min. The sequence of the 105-base oligonucleotide is as follows: 5Ј-GGC CAG ATT AAT TAC CCG AGC AGC CGC AAT GTA GCA CAC CTT CTG GCC TCC GCC GAT ATC GAC AAC CTG CTG TGC TCC CAG GAT ACG GGC GAG TTA GCT TGA ACG-3Ј. SDS and proteinase K were added to final concentrations of 0.5% and 0.5 mg/ml, respectively, and incubation was continued at 37°C for 15 min. Products were analyzed by electrophoresis on a 10% polyacrylamide gel using 1ϫ TBE. Gels were analyzed using a Molecular Imager FX and QuantityOne software (Bio-Rad).
Stimulation of DNA Ligation-Proteins were incubated with 20 M XhoI-digested, linearized X174 dsDNA (concentration of base pairs) in 20 mM triethanolamine-HCl (pH 7.5) for 15 min at 37°C. To this reaction 2 l of 10ϫ buffer (500 mM Tris-HCl (pH 7.5), 100 mM MgCl 2 , 100 mM dithiothreitol, 10 mM ATP, 250 g/ml bovine serum albumin) was added followed by ligase (40 units), and the incubation was continued for an additional 2 h. SDS and proteinase K were added as in the annealing reaction, and incubation was continued at 37°C for 15 min. Products were resolved on a 0.7% agarose gel using 1ϫ TAE buffer and visualized by staining with ethidium bromide.
RESULTS

Oligomeric Characteristics of Wild Type HsRad52 and Mutant Proteins-Electron micrographs of wild type HsRad52 and
HsRad52 show that both proteins form ring-shaped oligomers with an average diameter of 10 Ϯ 1 nm (Fig. 1) . At low concentrations (1.0 M), the wild type protein can be seen to form aggregates of the ring oligomers (Fig. 1A) whereas the 1-212 mutant shows no higher order association of the rings (Fig. 1D) . At a 4-fold higher protein concentration, wild type HsRad52 again shows higher order oligomeric structures (Fig. 1B) that are never seen with the 1-212 mutant protein (Fig. 1E ). Higher magnification of the images in Fig. 1, B and E (Fig. 1, C and F, respectively) shows in more detail specific side-by-side associations between rings of wild type HsRad52 (see arrow, Fig. 1C ) that are never observed with the 1-212 mutant protein (see Fig. 1F ). In counting more than 500 ringshaped oligomers for the 1-212 protein at concentrations of 1 and 4 M, we never observed the specific side-by-side associations as shown for wild type HsRad52 in Fig. 1, B and C. The observation of higher order oligomers for wild type HsRad52 is consistent with previous electron microscopic studies (7) (8) (9) (10) (11) . Also, the lack of higher order oligomers for the 1-212 mutant is consistent with our previous identification of a new self-association domain in the C-terminal half of the protein that is responsible for the oligomerization of the 10-nm rings (11) . Together with the gel filtration data presented below and the previous work cited here, these images argue strongly that the higher order oligomeric complexes observed for wild type HsRad52 are, in fact, specific structures whose formation is mediated by the C-terminal region of the protein no longer present in the 1-212 mutant. Electron microscopic analysis of HsRad52 (1-85) revealed no observable structures (not shown), indicating that this protein does not form ring-shaped structures like the wild type and 1-212 mutant proteins.
Gel filtration was used to address the oligomeric distribution of the proteins. Using a Superose 6 column wild type HsRad52 shows a peak that begins at ϳ10 ml and trails to 16 ml, with a distinct center at 11 ml (Fig. 2) . Given a molecular mass of 48 kDa for the His-tagged HsRad52 protein this corresponds to particles that contain from 40 to 6 monomers, with the peak center corresponding to particles containing 20 monomers. The 1-212 mutant shows a homogeneous peak centered at 16.5 ml. Given a molecular mass of 23 kDa this corresponds to a particle containing ϳ10 subunits. This is in excellent agreement with recent sedimentation analysis and x-ray crystallographic studies that show an 11-subunit ring-shaped oligomer for the 1-212 protein (32) . A similar gel filtration result was also observed for the HsRad52 1-237 mutant protein (16) . In contrast to both wild type HsRad52 and the 1-212 mutant, the 1-85 mutant shows a very broad profile beginning at the column void (8 ml) and continuing to ϳ21 ml, with a distinct peak centered at 18.5 ml. Given a molecular mass of 10 kDa this peak corresponds to a particle containing ϳ3 monomers. Therefore, it appears that the 1-85 mutant self-associates in both a specific and nonspecific manner (see "Discussion"). Of course, the mobility of these proteins on a gel filtration column is dictated by the Stokes radius of the particle, not the precise particle mass, and this assay is intended as a relative size estimate of these three proteins.
ssDNA Binding-To compare the ssDNA binding properties of wild type HsRad52, HsRad52 (1-212), and HsRad52 (1-85), gel mobility shift assays were performed. The gels in Fig. 3 are representative of five different experiments, each of which gave similar results. The apparent difference in the intensity of the three gels results from different exposure times. Scans reveal a similar radioactive content in all lanes. K D app was estimated from the protein concentration that gives rise to 50% of the labeled ssDNA being in the bound state, including protein-DNA complexes trapped in the gel well. Wild type HsRad52 binds with a K D app of ϳ8 nM, and the 1-212 mutant binds with a K D app of ϳ5 nM. Interestingly, despite the fact that the 1-85 mutant forms no ringshaped oligomers, it still shows a reasonably high affinity for ssDNA (K D app of ϳ50 nM). At higher protein concentrations wild type HsRad52 (120 nM) and the 1-85 mutant (80 nM) result in a majority of the ssDNA being trapped in the gel wells. In contrast, at the same higher concentrations, e.g. 60 and 120 nM, although the 1-212 protein does result in smearing of the band representing the protein-DNA complex (B), it does not result in any significant trapping of DNA in the gel wells. This likely reflects the fact that the 1-212 protein does not form higher order oligomers, whereas wild type HsRad52 forms specific higher order oligomers, and the 1-85 mutant protein may aggregate in a nonspecific manner as shown by the gel filtration (see "Discussion"). Together these results demonstrate that the N-terminal 85 residues of HsRad52 are DNA Strand Annealing-Both the yeast and human Rad52 proteins promote annealing of complementary strands of DNA (7, (12) (13) (14) 17) . To address the functional oligomeric form of HsRad52 required for this activity, we performed the following strand annealing assay using wild type HsRad52, HsRad52 (1-212), and HsRad52 (1-85). A 5Ј-end-labeled oligonucleotide (54 bases) was incubated with increasing concentrations of each protein followed by addition of a 105-base oligonucleotide with 54 bases complementary to the initial oligonucleotide. The data in Fig. 4 , A and B show that at 1 nM, wild type HsRad52 performs strand annealing very efficiently, with 76% of the labeled oligonucleotide in the double strand form compared with 10% spontaneous annealing. With increasing protein concentration the annealing efficiency decreases, and we find that at 50 nM protein the efficiency has dropped to 47%. A similar protein concentration-dependent decrease in annealing efficiency has been observed by Van Dyck et al. (17) for wild type HsRad52. In contrast, increasing the concentration of the 1-212 mutant protein over the same range, from 1 to 50 nM, results in a steady increase in the efficiency of strand annealing, from 31 to 57%. Despite the fact that the ssDNA binding affinity is equivalent or slightly better than wild type HsRad52, the efficiency of annealing by the 1-212 protein is significantly less. The 1-85 mutant protein also promotes strand annealing but at a much lower efficiency than both the wild type and 1-212 proteins. Over a range of protein concentrations from 25 to 200 nM the efficiency of annealing shows a steady increase from 26 to 42%. As for ssDNA binding, these results indicate that formation of ring-shaped oligomers is not necessary for strand annealing activity by HsRad52. However, optimal annealing efficiency requires higher order complexes of HsRad52 rings.
DNA Ligation-Wild type HsRad52 has been shown to increase the efficiency of DNA ligation (9) . To determine the oligomeric requirements for this activity we tested each protein for its ability to promote DNA ligation. Addition of ligase to dsDNA that had not been incubated with HsRad52 resulted in ϳ15% of the linear dsDNA appearing as linear dimers and Ͻ0.5% appearing as multimers (Fig. 5) . Preincubation of the linear dsDNA with increasing concentrations of wild type HsRad52 (from 1 to 6 M) before addition of ligase resulted in a modest increase in the amount of linear dimers and a significant increase in the amount of multimeric ligation products. In the presence of 1 M HsRad52 the addition of ligase resulted in ϳ15% of the linear dsDNA appearing as dimers and 37% appearing as multimers, and with 6 M HsRad52 this increased to 21% dimers and 54% multimers. When the DNA is preincubated with the 1-212 protein a similar small increase in the amount of linear dimers over the control appears at higher protein concentrations (20% linear dimers with 6 M protein). However, in contrast to wild type HsRad52 only a very small percentage of the ligation products are multimeric (ϳ13%), and this is observed only at the highest protein concentration used. When the DNA is preincubated with 1-85 protein, no increase in the amount of ligation product is observed. These data suggest that formation of higher order oligomers by the HsRad52 rings is important for the promotion of DNA end-joining. These results do not necessarily imply that HsRad52 binds specifically to DNA ends, thereby promoting DNA ligation. Rather they are most simply interpreted as an increase in the local concentration of DNA ends that occurs only when the protein can form higher order oligomers of the 10-nm rings.
DISCUSSION
Both the yeast and human Rad52 proteins exist in heterogeneous oligomeric states including ring-shaped multimers ϳ10 nm in diameter, as well as higher order associations of these ringed structures (7) (8) (9) (10) (11) . However, the functional relevance of these different oligomeric states has not been studied. In this work we sought to correlate the oligomeric properties of the HsRad52 protein with its biochemical functions related to DNA binding that are fundamental to its role in homologous recombination. We find that although neither the higher order oligomers nor the ring-shaped structures are necessary for inherent DNA binding, both are required to efficiently promote the interaction of more than one DNA molecule.
Using both electron microscopy and gel filtration we find that the 1-212 mutant protein exists in a homogeneous oligomeric state relative to wild type HsRad52 and the 1-85 mutant. Its ring-shaped appearance and size are consistent with our previous studies of a 1-192 mutant protein (11) , as well as the recently solved x-ray structure of the 1-212 protein. Also, the fact that the rings formed by the wild type and 1-212 proteins have a similar diameter (Fig. 1) that the C-terminal region of HsRad52 contributes to the height of the ring and not the diameter. Importantly, our electron micrographs show that the 1-212 rings do not interact in any way to form higher order oligomeric complexes. Even at the significantly higher protein concentration used for the gel filtration experiment (ϳ84 M), the 1-212 protein shows no evidence of higher order oligomeric complexes. In contrast, electron micrographs of wild type HsRad52 show clearly that the protein rings form higher order complexes even at low concentrations (1.0 M in Fig. 1A ). This demonstrates that higher order oligomers formed by wild type HsRad52 result from specific interactions mediated by the C-terminal region of the protein. For the 1-85 mutant protein, although we see no distinct structures of any kind in electron micrographs, the broad trail from 8 to 16 ml in the gel filtration profile (Fig. 2) suggests that the protein aggregates in a nonspecific manner. It may be that a surface sequestered in the full-length 418-residue wild type protein is now exposed to solvent in the 1-85 protein and promotes nonspecific self-association. The distinct peak at 18.5 ml, which approximates a complex containing three subunits, also suggests some specific interaction between the 1-85 subunits.
Our gel shift assays show the ssDNA binding affinities of the wild type and 1-212 proteins to be similar, ϳ8 and 5 nM, respectively. However, an important difference is that the 1-212 protein shows no protein-DNA networks that get trapped in the gel well as does wild type HsRad52. This undoubtedly is because of the fact that the 1-212 protein lacks the C-terminal self-association domain and is therefore no longer able to form higher order complexes of Rad52 rings. Although the ss DNA binding affinity of the 1-85 mutant protein is ϳ10-fold lower than the wild type and 1-212 proteins, it still shows formation of specific protein-DNA complexes (b in Fig. 3 ) with a reasonably strong affinity (ϳ50 nM). Like the 1- 212   FIG. 4 . HsRad52-mediated DNA strand annealing. Indicated concentrations of wild type HsRad52, HsRad52 (1-212), or HsRad52 (1-85) were incubated with a 5Ј-end-labeled 54-base oligonucleotide followed by addition of a 105-base oligonucleotide with 54 complementary bases as described under "Experimental Procedures." A, reactions were electrophoresed on a 10% non-denaturing polyacrylamide gel. ss, single-stranded 54-base labeled oligonucleotide; ds, double-stranded annealed product. B, graphical representation of data in A.
protein, the 1-85 protein is also missing the C-terminal selfassociation domain. Therefore, the nonspecific aggregation suggested by gel filtration is likely responsible for the protein-DNA complexes trapped in the gel well. Our previous data show that another truncation mutant protein, HsRad52 (218 -418), maintains native protein structure but does not bind single-stranded DNA even at concentrations up to 2.0 M (11). Together, these data show that most, if not all, of the determinants for single-stranded DNA binding lie within the N-terminal 85 residues of HsRad52 and that effective DNA binding is accomplished without formation of ring-shaped or higher order oligomers. However, because ssDNA binding affinity increases ϳ10-fold for the 1-212 and wild type proteins, it is likely that the rings are the fundamental oligomeric unit required for optimal DNA binding.
Interestingly, the three proteins show significant differences in their abilities to promote strand annealing and DNA ligation. At low concentrations, 1-5 nM, wild type HsRad52 increases the level of strand annealing dramatically above background. At concentrations greater than 5 nM there is an inhibition of double strand product formation. Therefore, it appears that the ability of wild type HsRad52 rings to form higher order oligomers contributes to both the increased efficiency of strand annealing at lower protein concentration and the inhibition of annealing at higher protein concentrations. In contrast, despite the fact that the DNA binding affinity of the 1-212 protein is equivalent to or slightly better than wild type Rad52, its ability to promote strand annealing is significantly less at low protein concentrations and shows no inhibition as the protein concentration increases; rather it shows a steady increase in annealing efficiency. The 1-85 protein also shows a protein concentration-dependent increase in annealing efficiency but requires higher amounts of protein to achieve an overall lower percent of double strand product, in correspondence with its lower ssDNA binding affinity. An even greater discrepancy between the activities of the three proteins is seen in the DNA ligation assay. Over the same range of protein concentration, from 1 to 6 M, wild type Rad52 shows a steady increase in the amount of ligation product whereas the 1-212 and 1-85 proteins show little, if any, product formation.
Our data support a model in which activities of Rad52 that involve binding to multiple DNA substrates require the ability of Rad52 to form higher order oligomeric complexes consisting of at least several Rad52 rings. However, are these in vitro activities relevant to in vivo Rad52 function? In fact, Lisby et al. (27) have proposed that higher order Rad52 oligomers serve an important function in initiating recombinational DNA repair. Based on the small number of Rad52 foci formed relative to the expected number of DSBs following exposure to a particular dose of ␥-rays, as well as in vitro data showing that multiple Rad52 rings bind to DNA (7-9), they proposed that aggregates of Rad52 serve to attract multiple lesions for repair within one locus, thereby serving as centers of recombinational repair. Our data is consistent with this idea. We have shown that efficient Rad52-mediated strand annealing and DNA ligation correlates with the ability to form higher order oligomers. This undoubtedly results from the ability to interact effectively with multiple pieces of DNA, an activity that may reflect an important in vivo function. Additionally, mammalian Rad52 group proteins, including Rad51, Rad52 and Rad54, co-localize following DNA damage (28 -31) , and specific protein-protein interactions between Rad52 and Rad51 contribute to optimal Rad51-mediated strand exchange activity (26) . Therefore, binding of Rad52 to single-and double-stranded DNA, as well as to Rad51 and RPA, may promote and/or stabilize the joint molecules that initiate the recombination pathway. Further investigation of the DNA binding properties of Rad52, as well as its ability to interact simultaneously with several components of a repair complex, e.g. single-and double-stranded DNA, Rad51, and RPA, will be important in establishing the biochemical mechanism by which Rad52 functions to mediate homologous recombinational DNA repair.
